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  Axions were postulated to solve the strong CP problem in the 70s. 

  Good Dark Matter candidates (axions with masses ≈ meV-µeV could account for the total Dark Matter 
content). 

  They are expected to oscillate into photons (and viceversa) in the presence of  magnetic fields: 

Photon/axion oscillations are the main vehicle used at present in axion searches (ADMX, CAST…). 

Some astrophysical environments 
fulfill the mixing requirements 

  AGNs, IGMFs 

M11: coupling constant inverse 
(gαγ/1011 GeV) 

BG: magnetic field (G) 
spc: size region (pc) 

with 

axion coupling strength, F is the electromagnetic field-
strength tensor, !F its dual, E the electric field, and B the
magnetic field. The axion has the important feature that its
mass ma and coupling constant are inversely related to
each other. There are, however, other predicted states
where this relation does not hold; such states are known
as axionlike particles (ALPs). An important and intriguing
consequence of Eq. (1) is that ALPs oscillate into photons
and vice versa in the presence of an electric or magnetic
field. In fact this effect represents the keystone in ongoing
ALP searches carried out by current experiments.

In this work, we will make use of the photon/axion
mixing as well, but this time by means of astrophysical
magnetic fields. As already mentioned, we will account for
the mixing that takes place inside or near the gamma-ray
sources together with that one expected to occur in the
IGMFs. We will do it under the same consistent frame-
work. Furthermore, it is important to remark that it will be
necessary to include the EBL in our formalism, in particu-
lar in the equations that describe the intergalactic mixing.
Its main effect we should remember is an attenuation of the
photon flux, especially at energies above 100 GeV. We
show in Fig. 1 a diagram that outlines our formalism.
Very schematically, the diagram shows the travel of a
photon from the source to the Earth in a scenario with
axions. In the same figure, we show the main physical
cases that one could identify inside our formalism: mixing
in both the source and the IGMF, mixing in only one of
these environments, the effect of the EBL, axion to photon
reconversions in the IGMF, etc. A quantitative description
of the photon/axion mixing phenomenon in both the source
and the IGMFs can be found in the next two subsections.

A. Mixing inside and near the source

It has been recently proposed that an efficient conversion
from photons to ALPs (and vice versa) could take place in
or near some astrophysical objects that should host a strong
magnetic field [12].

Given a domain of length s, where there is a roughly
constant magnetic field and plasma frequency, the proba-
bility of a photon of energy E! to be converted into an ALP
after traveling through it can be written as [14,16]
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ð"oscs=2Þ2

: (2)
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"B that gives us an idea of how effective is the mixing, i.e.
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electron mass, and ne is the electron density.
Finally, "a is the ALP mass term,
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FIG. 1 (color online). Sketch of the formalism used in this work, where both mixing inside the source and mixing in the IGMF are
considered under the same consistent framework. Photon to axion oscillations (or vice versa) are represented by a crooked line, while
the symbols ! and a mean gamma-ray photons and axions, respectively. This diagram collects the main physical scenarios that we
might identify inside our formalism. Each of them are schematically represented by a line that goes from the source to the Earth.
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M11 ≥ 0.114 GeV (CAST limit)  



AGNs located at cosmological distances will be affected by both 
mixing in the source and in the IGMF: 

A.   Source mixing: attenuation 
B.   IGM mixing: attenuation and/or enhancement 

In order to observe both effects in the gamma-ray band, we need 
ultralight axions. 

4

where wpl =
√

4παne/me = 0.37 × 10−4µeV
√
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the plasma frequency, me the electron mass and ne the
electron density.

Finally, ∆a is the ALP mass term:
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Note that in Eqs.(4-7) we have introduced the dimen-
sionless quantities BmG = B/10−3 G, M11 = M/1011

GeV and mµeV = m/10−6 eV.
Since we expect to have not only one coherence do-

main but several domains with magnetic fields differ-
ent from zero and subsequently with a potential pho-
ton/axion mixing in each of them, we can derive a total
conversion probability [21] as follows:

Pγ→a "
1

3
[1 − exp(−3NP0/2)] (8)

where P0 is given by Eq.(2) and N represents the number
of domains. Note that in the limit where N P0 → ∞, the
total probability saturates to 1/3, i.e. one third of the
photons will convert into ALPs.

It is useful here to rewrite Eq. (2) following Ref. [11],
i.e.
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sin2
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so that we can define a characteristic energy, Ecrit, given
by:

Ecrit ≡
m2 M

2 B
(10)

or in more convenient units:

Ecrit(GeV ) ≡
m2

µeV M11

0.4 BG
(11)

where the subindices refer again to dimensionless quan-
tities: mµeV ≡ m/µeV , M11 ≡ M/1011 GeV and BG ≡
B/Gauss; m is the effective ALP mass m2 ≡ |m2

a − ω2
pl|.

Recent results from the CAST experiment [5] give a value
of M11 ≥ 0.114 for axion mass ma ≤ 0.02 eV. Although
there are other limits derived with other methods or ex-
periments, the CAST bound is the most general and
stringent limit in the range 10−11 eV ) ma ) 10−2

eV.
At energies below Ecrit the conversion probability is

small, which means that the mixing will be small. There-
fore we must focus our detection efforts at energies above
this Ecrit, where the mixing is expected to be large
(strong mixing regime). As pointed out in Ref. [11], in the
case of using typical parameters for an AGN in Eq. (11),
Ecrit will lie in the GeV range given an ALP mass of the
order of ∼ µeV.

To illustrate how the photon/axion mixing inside the
source works, we show in Figure 2 an example for an
AGN modeled by the parameters listed in Table II (our
fiducial model, see Section III). The only difference is
the use of an ALP mass of 1 µeV instead of the value
that appear in that Table, so that we obtain a critical
energy that lie in the GeV energy range. Effectively, us-
ing Eq. (11) we get Ecrit = 0.19 GeV. Note that the
main effect is an attenuation in the total expected in-
tensity of the source. One can see in Figure 2 a sinu-
soidal behavior just below the critical energy. However,
it must be noted that a) the oscillation effects are small;
b) these oscillations only occur when using photons po-
larized in one direction while, in reality, the photon fluxes
are expected to be rather non-polarized; and c) the above
given expressions are approximations and actually only
their asymptotic behavior should be taken as exact and
well described by the formulae. Therefore, the chances
of observing sinusoidally-varying energy spectra in as-
trophysical source, due to photon/axion oscillations, are
essentially zero.
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FIG. 2: Example of photon/axion oscillations inside the
source or vicinity, and its effect on the source intensity (solid
line), which was normalized to 1 in the Figure. We used the
parameters given in Table II to model the AGN source, but
we adopted an ALP mass of 1 µeV. This gives Ecrit = 0.19
GeV. The dot-dashed line represents the maximum (theoret-
ical) attenuation given by Eq. (8), and equal to 1/3.

B. Mixing in the IGMFs

The strength of the Intergalactic Magnetic Fields
(IGMFs) is expected to be many orders of magnitude
weaker (∼nG) than that of the source and its surround-
ings (∼G). Consequently, as described by Eq. (11), the
energy at which photon/axion oscillation occurs in the
IGM is many orders of magnitude larger than that at
which oscillation can occur in the source and its vicinity.
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  Larger axion boosts for distant sources. 
  The more attenuating the EBL, the larger the axion boosts. 

Attenuation due to source mixing 

Intergalactic mixing 

Enhancement due to intergalactic mixing 

Attenuation due to intergalactic mixing 
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z=0.536 
z=0.117 

Axion boost =(Flux w axions) / (Flux w/o axions) 
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Fermi/LAT and/or IACTs 
Look for  intensity  drops in  the residuals  (“best-
model”-data). 
Source model dependent. 
Powerful, relatively near AGNs. 

IACTs observations 
Look for systematic intensity 
enhancements at energies where the 
EBL is important.  

Distant (z > 0.2) sources at the 
highest possible energies (>1 TeV), 
to push EBL models to the extreme. 

Source and EBL model dependent, but 
very important enhancement expected 
in some cases. 

Fermi/LAT and/or IACTs 
Look for intensity drops in the residuals. 
Only  depends  on  the  IGMF  and  axion  properties  (mass  and 
coupling constant). 
Independent of the sources -> CLEAR signature! 



  Recent gamma observations might already pose substantial challenges to the conventional 
models to explain the observed source spectra and/or EBL density. 

  The VERITAS Collaboration recently claimed a detection above 0.1 TeV coming from 
3C66A  (z=0.444). EBL-corrected spectrum harder than 1.5 (Acciari+09). 

  TeV photons coming from 3C 66A? (Neshpor+98; Stepanyan+02). Difficult to explain 
with conventional EBL models and physics. 

  The lower limit on the EBL at 3.6 µm was recently revised upwards by a factor ∼2, 
suggesting a more opaque universe (Levenson+08). 

  Some sources at z = 0.1 － 0.2 seem to have harder intrinsic energy spectra than 
previously anticipated (Krennrich+08).  

  While it is still possible to explain the above points with conventional physics, the axion/
photon oscillation would naturally explain these puzzles: 

  More high energy photons than expected. 
  Softer intrinsic spectrum when including axions. 



Softer intrinsic 
spectrum with axions 

We can observe the 
spectrum up to higher 
energies with axions 

[3C279 data points from the MAGIC Collaboration, Albert et al. 2008] 
(Sánchez-Conde & Dominguez, in prep.) 



  If  axions exist, they could distort the spectra of  astrophysical sources importantly. 

  If  photon/axion mixing in the IGMFs, then also mixing in the source.  
 For maxion ≈ 10-10 eV -> gamma ray energy range. 

  Photon/axion mixing in both the source and the IGM are expected to be at work over 
several decades in energy -> joint effort of Fermi and current IACTs needed. 
  Fermi/LAT instrument expected to play a key role, since it will detect thousands of  

AGNs (up to z∼5), at energies where the EBL is not important.  
  IACTs specially important at higher energies (>300 GeV), where the EBL is present. 

  Main caveats: the effect of  photon/axion oscillations could be attributed to conventional 
physics in the source and/or propagation of  the gamma-rays towards the Earth. 

  However, detailed observations of  AGNs at different redshifts and different flaring 
states could be used to identify the signature of  an effective photon/axion mixing. 


